boreal summer insolation may have been the predominant cause of the LIS contributions to sea level rise. Although the boreal summer surface radiative forcing of early Holocene LIS retreat is twice that of projections for 2100 C.E. greenhouse gas radiative forcing, the associated summer surface air temperature increase is the same. The geologic evidence for rapid LIS retreat under a comparable forcing provides a prehistoric precedent for a possible large negative mass balance response of the Greenland Ice Sheet by the end of the coming century.
One of the greatest sources of uncertainty in projections of future sea level rise in response to global warming is the melt contribution from the Greenland Ice Sheet 1 . This uncertainty arises in part because the period of direct observations available to create empirical predictions and to test the current generation of ice sheet models is extremely short [1] [2] [3] [4] [5] . Examination of past ice sheet-climate interactions provides a record of ice sheet growth and decay longer than modern observations. In particular, the behavior of terrestrial ice sheets under climates warmer than present affords potential insight into the future behavior of the Greenland Ice Sheet. During the early Holocene, enhanced boreal summer insolation 6 ( Fig. 1a) warmed Northern Hemisphere summers by several degrees, presumably driving retreat of the Laurentide Ice Sheet (LIS) [7] [8] [9] . However, portions of the northern and eastern North Atlantic were colder than present [10] [11] [12] , possibly as a consequence of the suppression of Labrador Sea deep water production by LIS meltwater 13, 14 . The gradual rise in sea level during the early Holocene [15] [16] [17] was punctuated by at least two increases in the rate of sea level rise, which were sourced from either the LIS or Antarctic Ice Sheet, indicating variations in the rate of ice sheet melting 14, 18, 19 . The early Holocene LIS thus represents the most recent disappearance of a mid-to high-latitude terrestrial ice sheet, and can provide constraints on how fast Be dates and the timing of the marine limit from western
Quebec suggest a similar retreat history, with deglaciation of the James Bay coast by 8.0±0. (Fig. 1b) . After a period of margin stabilization, which may represent a response to regional reorganization of atmospheric circulation patterns (Fig. 1b) .
Laurentide Ice Sheet Contributions To Sea Level Rise
We estimate the LIS Holocene sea level rise contribution by converting LIS area 20 (km 2 ), with revised area ages matching our LIS chronology (Fig. S2) (Fig. 1e) . Between 11 and 9 kyr BP, we estimate the LIS contributed 15±1.8 m of sea level rise at 0.7-0.9 cm yr -1 (Fig. 1d & e) . During the subsequent phase of rapid LIS retreat 9-8.5 kyr BP, the LIS contributed 6.6±0.8 m of sea level rise at ~1.3 cm yr -1 . This rate is comparable to geologic evidence for global sea level rise for this interval derived from coral records 16, 17 (Fig 1d) . Estuarine records from (Fig. 1d) . Accelerated LIS retreat 7.6-6.8 kyr BP corresponds with a second increase in the rate of Holocene sea level rise ~7.6 kyr BP 19 , when sea level rose ~4.5 m at ~1.0 cm yr -1 , suggesting that the LIS was also the main source of sea level rise at this time 14 .
Impact Of Early Holocene Climate On The Laurentide Ice Sheet
To quantify the effects of enhanced boreal summer insolation on the LIS and climate, we simulated the 9 kyr BP climate, with a prescribed LIS 7 ( Fig. 2a) (Fig. 3a) . Given the coarse resolution of the AOGCM, this correlation between data and predictions provides confidence in the ability of the model to simulate regional aspects of 9 kyr BP climate, hydrology and LIS surface mass balance.
ModelE-R simulates low δ 18 O sw (Fig. 3f) Atlantic paleohydrology data [12] [13] [14] 26 . The alteration in ocean density suppresses deep winter convection in the Labrador Sea, decreasing total AMOC by ~15% relative to present, also in agreement with interpretations of Labrador Sea deepwater proxies 13 .
Reduced AMOC yields relatively cooler temperatures over the Labrador Sea (1-2 °C in the winter, 0.5-1 °C in the summer) extending eastward into the northern North Atlantic (Fig. 3b & d) , matching early Holocene paleoclimate reconstructions 10, 11 . Further contributing to cooler temperatures is the influence of LIS elevation and albedo, with surface air temperature (SAT) up to 13.5 °C cooler over the ice sheet in the summer, of which 1-2 °C is due to the ice albedo effect (Fig. 3b) . The high-pressure system over the LIS maintains an anti-cyclone, reversing wind patterns over Canada (Fig. S3a) . The LIS topography forces the mid-latitude jet southward and increases the jet strength (Fig. S3b) .
Outside of the northern North Atlantic, the Northern Hemisphere summer SST and SAT rise in response to enhanced boreal summer insolation (Fig. 3b & d) , amplified by a ~5% reduction in Arctic summer sea ice (Fig. 3e ).
The 9 kyr BP simulated annual LIS surface mass balance is -260 cm yr -1 , with accumulation zones centered over Quebec, Labrador and eastern Nunavut (Fig. 2b) .
NGS-2008-04-00345A Much of the LIS mass reduction is over Hudson Bay where low-elevation ice is lost at rates ranging 11-71 mm day -1 , in reasonable accord with our inferences from the LIS chronology. Integrating this LIS mass loss from 9 to 8.5 kyr BP results in ~6 m of sea level rise at ~1.3 cm yr -1 , similar to estimates from the LIS chronology (Fig. 1) .
Implications For Future Sea Level Rise
The agreement between our interpretations from geologic data and the 9 kyr BP AOGCM that does not include ice dynamics suggests that ice sheets (i.e. the LIS) may have melted rapidly in the past. The inclusion of ice dynamics (e.g., ice streaming) in the 9 kyr BP AOGCM would likely only enhance the melt rate 2 . However, by the early Holocene, much of the LIS was on a hard bed where ice streaming is rare (but not absent), implying that ablation controlled LIS mass balance during this time interval.
The AOGCM predicts that a boreal summer shortwave radiative forcing of ~40 W m -2 relative to present at the top of the atmosphere 6 can cause considerable summer warming Atlantic with a greater portion of its margin terminating near the ocean, whereas only the eastern and northern LIS margins were near the coast, with the southwestern margin terminating in proglacial lakes. The modern GIS is also ~3 times smaller than the LIS at the start of the Holocene 7,15 , but the LIS was similar in size ~8 kyr BP. Currently, ablation, ice streaming and calving control GIS mass loss 2 . However, ice streaming and calving will decrease or cease if the GIS retreats inland 4 , making it more analogous to the LIS 7 . Nevertheless, predictions of the rate of sea level rise from the GIS by the end of this century in the A1B scenario 1 are 6 to 40 times smaller than the estimated rate of LIS mass loss in the early Holocene. Given the similar summer SAT responses for these two periods, and the geologic evidence for rapid early Holocene LIS retreat, current projections of GIS melt rates for the coming century may be only minimum estimates even without considering positive feedbacks from ice sheet dynamics.
Methods
We simulate climate using the fully coupled AOGCM NASA Goddard Institute for Space Studies ModelE-R, which includes water isotopes BP and Pre-Industrial 29 were calculated using a student-t test at 99% confidence.
